but is normally not detectable by conventional imaging technology. This lack of sensitivity of clinical imaging techniques has impeded a pathophysiologic understanding of the long-term cognitive and emotional consequences of MTBI, which often remain unnoticed and are attributed to factors other than the injury. Diffusion tensor imaging (DTI) is sensitive to microstructural properties of brain tissue and has been suggested to be a promising candidate for the detection of DAI in vivo. In this study, we report strong associations between brain white matter DTI and self-reported cognitive, somatic and emotional symptoms at 12 months post-injury in 134 MTBI patients. The anatomical distribution suggested global associations, in line with the diffuse symptomatology, although the strongest effects were found in frontal regions including the genu of the corpus callosum and the forceps minor. These findings support the hypothesis that DTI may provide increased sensitivity to the diffuse pathophysiology of MTBI and suggest an important role of advanced Magnetic Resonance Imaging (MRI) in trauma care.
a general and widespread involvement of brain connectivity rather than focal cortical or subcortical lesions. This hypothesis resonates well with the assumptions that the mechanic forces involved in MTBI may cause diffuse axonal injuries (DAIs), also referred to as traumatic axonal injuries (TAIs), e.g., those injuries due to traumatic shearing caused by decelerating and accelerating forces applied to the head due to a fall, traffic accident or assault 5 . Thus, DAI may be the primary pathologic feature of MTBI 6 . Unfortunately, the low sensitivity of conventional computerized tomography (CT) and MRI to detect DAI has led to a delayed understanding of the clinical MTBI symptoms, despite studies delineating trauma-related histopathology following even mild head trauma 7 . Diffusion tensor imaging (DTI) is sensitive to the direction and magnitude of non-random water diffusion in the brain and provides a non-invasive and quantitative measurement of brain white matter microstructural properties and connectivity 8 . DTI-based indices have emerged as a sensitive index of the effects of MTBI on tissue microstructure, including axonal pathology and disruption of myelin 9 . DTI has been suggested as a promising candidate for the detection of human DAI in vivo 6, 9 and cross-sectional associations between DTI abnormalities and functional outcome support a clinical significance [10] [11] [12] . Most reports have found DTI abnormalities in fractional anisotropy (FA) and/or mean diffusivity (MD) in the acute phase (within two weeks after MTBI) compared with those in uninjured subjects, but the direction of the effects has varied across studies 9, [13] [14] [15] [16] [17] [18] . In contrast to a lower FA and higher MD, elevated FA and decreased MD have been reported at similar post-injury intervals in several studies 13, 16 . However, in the chronic phase of MTBI, Lipton et al. 19 reported decreased FA and increased MD in both the corpus callosum and subcortical white matter as well as in the internal capsules. Kraus et al. 20 reported increased axial diffusivity (AD) and no differences in radial diffusivity (RD) in clinically heterogeneous chronic TBI patients and suggested that irreversible damage to myelin is less common in MTBI than in moderate and severe TBIs but that axonal damage is present in the chronic phase. In a meta-analysis, Eierud et al. 15 found that FA was increased in studies that performed DTI within 2 weeks after MTBI and decreased when DTI was performed at longer post-injury intervals. The authors concluded that further studies focusing on DTI measures and the relationship with pre-injury status, mental health and neuropsychological functioning are needed to assess the efficacy of neuroimaging for clinical diagnosis and to guide the treatment strategies.
Here, we investigated white matter microstructural aberrations with DTI 12months post injury in a sample of 134 patients with MTBI. In conjunction with the literature reviewed above, the assumed injury-related mechanisms often causing DAI, and existing models suggesting a critical role of white matter microstructural characteristics in cognitive functions and mental health, we hypothesized that higher ratings of post-concussion and depressive symptoms 12 months after MTBI would be associated with lower directional coherence and higher diffusivity, manifested as lower FA and higher diffusion tensor eigenvalues. Due to the non-specific nature of the characteristic post-concussion symptoms and to increase sensitivity, our main outcome score was defined as the principal component from a principal component analysis across several clinical instruments assessing different aspects of cognitive and somatic symptoms. We hypothesized that there would be a relatively global anatomical distribution of effects in contrast to regionally specific associations but employed a methodological approach allowing for inference on a regional level to explore possible differential effects in different parts of the brain.
Results
Demographic and injury-related variables. Table 1 summarizes the demographics and clinical characteristics of the 134 included patients. At admission CT was negative in 76 patients and was unavailable for 5 patients, of which 4 had a negative and 1 a positive conventional MRI. Eleven patients (14%) with a negative CT displayed injury-related MRI findings (5 diffuse axonal injuries, 9 contusions and 2 subdural hemorrhages). Table 2 presents the mean and standard deviation (SD) of the Glasgow Outcome Scale Extended (GOSE), the Rivermead Post Concussion Symptoms Questionnaire (RPQ), and the Patient Health Questionnaire 9 (PHQ-9) assessed at a 12-month follow-up for the complicated and non-complicated group. The results indicate an overall good functional outcome (GOSE mean 7.25 (SD 0.82)) and low symptom burden (RPQ mean 13.04 (SD 14.0), PHQ-9 mean 6.35 (SD 5.33)). There were no significant differences found between the uncomplicated and complicated MTBI groups. No data were missing for GOSE, RPQ or PHQ-9.
Associations with DTI. Figure 1 shows results from the voxelwise analyses testing for associations between the composite outcome score and DTI. Permutation testing revealed significant (p < 0.05, corrected) associations for all measures, with lower FA and higher MD, RD and AD with poorer outcome. Whereas AD (t = 5.91, p < 2.81e-08, Cohen's d = 1.04) effects were spatially confined to a small portion of the right corticospinal tract and the bilateral forceps minor and uncinate, FA (t = −6.94, p < 1.70e-10, Cohen's d = −1.22), MD (t = 5.27, p < 5.64e-07, Cohen's = 0.93), and RD (t = 5.45, p < 2.44e-07, Cohen's d = 0.96) revealed a widespread pattern comprising a range of white matter pathways. Figure 2 shows scatter plots of the mean DTI metrics across the full TBSS skeleton versus the composite score. Tables 3, 4, 5 and 6 show results from the ROI-based analysis. Briefly, linear models including age, sex and head coil as covariates revealed significant associations between the composite outcome score and mean skeleton FA (t = −2.41, p FDR = 0.0173, Cohen's d = −0.426), MD (t = 2.66, p FDR = 0.00893, Cohen's d = 0.469), RD (t = 2.59, p FDR = 0.0108, Cohen's d = 0.457), and AD (t = 2.4, p FDR = 0.0177, Cohen's d = 0.425). For atlas-based ROIs, significant associations for all DTI metrics were found for the forceps minor. The left inferior longitudinal fasciculus, bilateral inferior fronto-occipital fasciculus and the genu of the corpus callosum were significant for FA, MD and RD, and the bilateral superior longitudinal fasciculus, left superior longitudinal fasciculus (temporal part) and the right inferior longitudinal fasciculus were significant for MD, RD and AD (all p FDR < 0.05). In addition, we observed strong effects of age across all DTI metrics in most ROIs and only moderate associations with sex and head coil. We revealed no major differences between the uncomplicated and complicated MTBI group except nominally significant differences with lower FA/higher RD in the body of the corpus callosum and the right uncinate in the complicated compared to the uncomplicated group. None were significant after FDR-adjustment Including QA metrics (MAXVOX and tSNR, see Methods) in the models did not change the results. tSNR showed significant association with FA (t = 3. 
Discussion
Non-specific cognitive, somatic and emotional symptoms following MTBI often remain undetected. Conventional neuroimaging-based assessments lack the sensitivity necessary to detect diffuse axonal injuries, which represent one major potential mechanism, and the symptoms characteristically emerge long after the conclusion of the initial workup at the emergency department. Such delayed and "hidden" symptoms may therefore often be attributed to factors other than the brain injury. Here, we demonstrate robust associations between a composite measure of self-reported outcome (cognitive, somatic and emotional symptoms 12 months after MTBI) and WM microstructural properties as measured using DTI in uncomplicated and complicated MTBI. In particular, patients with a higher symptom burden showed anatomically widespread reduced directional coherence and an increased magnitude of diffusion across the primary axis of the diffusion tensor, as indexed by decreased FA and increased RD, respectively. Whereas the anatomical distribution suggested primarily global associations, in line with the diffuse symptomatology, the strongest effects were found in frontal regions, including the genu of the corpus callosum and the forceps minor. Although the lack of longitudinal DTI data precludes interpretations regarding the temporal evolution from the time of injury, our results suggest a link between brain white matter microstructure and a composite measure of self-reported outcome 12 months after the injury. Previous studies have demonstrated an important role of DTI in evaluating white matter integrity after MTBI 21 , typically converging on lower FA for MTBI patients than for healthy controls 11, 19, 22, 23 . The anatomical distribution of DTI abnormalities in our study, including the FA effects, are in line with the previous studies 11, 19, 24 . The gray-white matter junction and midline brain structures are particularly vulnerable to DAI, and the corpus callosum and dorsolateral midbrain are frequently involved because of their susceptibility to biomechanical shear-strain forces 25 . The localized AD effects found in this study are in line with a previous study that investigated patients in the post-acute/chronic TBI phase and found an overall increase in AD that was positively correlated with time since TBI and greater in the "mild" TBI group than in the controls 24 . The authors indicated that increased AD may reflect adaptive axonal recovery; however, the pathological significance of these effects remains unclear and should be assessed in relevant animal models 24 . Studies on MTBI have correlated post-concussion cognitive dysfunction with focal white matter abnormalities 12, 24, 26, 27 . However, few studies have attempted to correlate DTI abnormalities with patient self-reported symptoms 28 . In a recent TRACK TBI study 17 , a subgroup of 32 complicated MTBIs showed reduced FA in multiple tracts, whereas the uncomplicated MTBIs demonstrated no differences in DTI parameters compared to those in healthy controls in the subacute phase (mean, 11.2 days after injury). The regions with reduced FA were significantly associated with functional outcome 3 and 6 months post injury. Reduced FA may occur due to axonal injury or disruption of the myelin sheath 29 . In line with Messe et al. 18 who found that only those MTBI patients with residual behavioral and cognitive complaints demonstrated alterations in white matter integrity compared to the white matter in healthy controls, we found an association between a comprehensive composite score of persistent symptoms and DTI. We included both asymptomatic and symptomatic individuals with both uncomplicated and complicated MTBI. Contrary to studies demonstrating lower FA with greater injury severity 30 , we found no significant differences between uncomplicated and complicated MTBI. The lack of a significant group difference may be explained by the fact that all patients in the current study needed hospitalization in a level I trauma center and thus represented a relatively homogenous population at the more severe end of the MTBI spectrum. This intepretation is in line with Kinnunen et al. 24 , who reported significant white matter abnormalities in patients without microbleeds compared with age-matched controls, and indicates that further refinement of the diagnostic classification of MTBI is needed.
Despite the sensitivity of DTI and its potential to identify patients at risk for poor long-term outcomes, to date, DTI has not yielded a validated prognostic biomarker for several reasons: a lack of longitudinal studies assessing the relationship between imaging and outcome 22, 31 , differing intervals between injury and MRI assessment in different studies, inconsistencies in reported outcome, methodological heterogeneity, and small sample sizes.
Mental health, including levels of depression, anxiety and possible traumatic stress, has been associated with functional outcome after MTBI in several studies [32] [33] [34] [35] [36] [37] . In a recent study, Spitz et al. found mood disorders following TBI to be associated with reduced white matter integrity in multiple fiber bundles connecting temporal and frontal brain regions 38 . Our composite score included emotional symptoms and depression, reflecting the fact that mental health factors have an important role in MTBI outcome. Various outcome measures are used for MTBI. The GOSE is often used for global outcome and RPQ for self-reported symptoms. The coarseness of GOSE makes it less sensitive to subtle dysfunction, which is typically observed in patients with MTBI, and may therefore not permit sufficient differentiation of the outcome in patients with milder injuries 39 . RPQ is sensitive to post-concussion symptoms but is a gross outcome measure and grades common symptoms that are not specific to MTBI. Because composite outcome measures that include several dimensions of functioning are likely to increase sensitivity and are in line with a recent recommendation 39 , we created a composite outcome score using a principal component analysis (PCA) based on global functioning and self-reported cognitive, emotional, somatic and mental health symptoms (GOSE, RPQ and PHQ-9, respectively). Further studies are needed to assess the clinical specificity of the DTI associations and to explore the interactions between predisposing and injury-related factors.
Finally, in line with previous large-scale cross-sectional and longitudinal studies 40, 41 , we observed strong effects of age across all DTI metrics in most ROIs and only moderate associations with sex. Although further research is needed to explore this hypothesis, normal age-related effects on the brain white matter integrity may leave the older brain more vulnerable to subtle injury-related processes, therefore rendering age an important prognostic factor 42, 43 . The primary limitations of the current study include the cross-sectional design. Longitudinal studies are needed to determine the time course of DTI abnormalities, how they may change over time and how changes in the DTI indices are related to recovery of post-concussion symptoms. Because of the lack of a control group either without injury or with non-head injury, we were unable to determine whether the results are specific to MTBI. This is particularly pertinent given the demonstrated associations between normal variability in personality and mental health-related symptoms and DTI parameters even in presumably healthy individuals 44, 45 . A potential caveat is that only MTBI patients requiring neurosurgical consultation at the emergency department and hospitalization were included in the present study and may therefore be in the more severe part of the mild injuries despite normal CT and MRI scan. Our results may, therefore, have the most value for more severely injured MTBI patients, and generalization of the findings to all MTBI patients should be made with caution. In addition, of the 153 patients with available DTI, 19 were discarded due to poor DTI quality, yielding a total sample of 134 patients. In our experience, excluding approximately 12% (19/153) of the available datasets due to poor quality either due to technical issues or subject motion is quite typical, in particular in clinical studies. Although excluding data based on poor data quality is inevitable, it may induce bias since subject motion and possibly other sources of noise tend to increase with increasing disease severity.
Although the 12-month interval between the incident and the follow-up assessment is in line with previous recommendations 46 , further studies with more frequent follow-ups, both in the short-and long-term, are needed to probe the temporal dynamics of the associations from the time of injury.
Indeed, the injury-to-MRI interval may be a critical factor in MTBI studies. Avariety of different biological processes within injured white matter have been postulated to vary not only according to injury severity but also at different time intervals after injury 47 . Patients in the current study underwent MRI at approximately 12 months after injury; thus, we can be more assured that the abnormalities in the present study represent a more chronic MTBI pathology. Importantly, in line with most studies on TBI, we cannot rule out that the reported results partly reflect associations that are not related to the injury but rather reflect predisposing associations such as depression or anxiety.
Associations between imaging markers and clinical phenotypes may be confounded by data quality, e.g., due to increases in-scanner subject motion with increasing symptom burden. We have therefore included state-of-the art methods for the identification and correction of outlier slices, e.g., due to subject motion or other sources of noise, which we have recently demonstrated substantially increases the temporal signal-to-noise-ratio (tSNR) 48 . Also as a limitation, TBSS is only sensitive to variability in the core parts of the major white matter pathways, and future studies targeting more peripheral parts of the white matter, e.g., closer to the cortical surface, might yield a different pattern of results. Further, conventional DTI based metrics do not allow for high neurobiological specificity 48 , e.g., due to the influence of the complexity and degree of crossing of the fibers, and further studies are needed to characterize the exact pathophysiological mechanisms.
In conclusion, we have demonstrated associations between persistent cognitive, somatic and emotional symptoms 12 months after MTBI and WM microstructural properties as measured using DTI, suggesting that DTI can reveal a biological substrate for post-concussion symptoms and global functioning in MTBI, which may have been undetected or unrecognized in the acute injury phase. Such objective evidence of injury in MTBI may play an important role in the management of patients with persisting post-concussion symptoms.
Methods
Ethical statement. All methods were performed in accordance with relevant guidelines and regulations. All protocols were approved by the Norwegian Regional Committee for Medical Research Ethics (REC) (2010/1899) (Oslo, Norway). All participants provided written informed consent, and all methods were carried out in accordance with the relevant guidelines and regulations of the REC.
Subjects. Patients with acute MTBI admitted to Oslo University Hospital during a period from September
2011 to September 2013 were included in a prospective cohort study; 223 patients aged 16-65 years with recent (<24 hours) history of head trauma (hospitalization with ICD-10 diagnosis S06.0-S06.9), resulting in loss of consciousness (LOC) < 30 minutes, PTA < 24 hours and GCS between 13 and 15 were included. The lowest GCS score within the first 24 hours is reported. MTBI was defined using criteria from the American Congress of Rehabilitation Medicine 49 . Patients were categorized as having uncomplicated or complicated MTBIs according to trauma-related intracranial structural changes observed via acute CT and MRI obtained 4 weeks post-injury. Exclusion criteria were severe mental illness (schizophrenia or bipolar disorder), progressive neurologic disease, ICD-10 diagnosis of substance dependence, contraindications for MRI, and lack of Norwegian language skills.
One-hundred and sixty patients returned for the 12-month follow-up including clinical assessment and multimodal MRI, of whom 134 had available DTI data of sufficient quality. We have previously reported brain volumetric and morphometric findings based on T1-weighted MRI data from the baseline assessment in an overlapping sample 50 . MRI data were evaluated for gross pathologies by a neuroradiologist, and a T2-weighted and T2 susceptibility-weighted angiography (SWAN) sequence were performed to depict hemorrhagic or other lesions. The 12-month MRI follow-up was performed at a median time of 530 days post-injury (inter-quartil range = 235 days), and there was no major scanner upgrade in the study period.
MRI data acquisition and analysis. 3 T MRI (GE Signa
DTI processing and analysis. Image analyses were done using FSL [51] [52] [53] . Processing included eddy (http:// fsl.fmrib.ox.ac.uk/fsl/fslwiki/EDDY) and topup (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TOPUP) 51, 54 to correct for geometrical distortions and eddy currents. Topup uses information from the reversed phase-encode blips, yielding image pairs with distortions in opposite directions. From these pairs, we estimated the susceptibility-induced off-resonance field and combined the two images into a single corrected one. We used eddy to detect and replace slices affected by signal loss due to bulk motion during diffusion encoding, which was performed within an integrated framework along with correction for susceptibility-induced distortions, eddy currents and subject motion 55 . Although these processing steps have been shown to strongly increase the temporal signal-to-noise ratio (tSNR) 48 and thus largely mitigate effects of subject motion and other sources of noise on data quality, no methods for data cleaning are perfect, and possible associations between data quality and clinical features may still induce spurious clinical correlations with DTI metrics. To directly test for associations between data quality and clinical outcome, for each dataset, we calculated tSNR and maximum voxel intensity outlier count (MAXVOX) 56 . Briefly, while MAXVOX reflects intensity-related artifacts, tSNR is a proxy for global data quality. We used these quality measures both to test for associations with clinical outcome and to confirm if clinical associations with DTI remained after including tSNR in the statistical models. FA, eigenvector and eigenvalue maps were calculated using dtifit in FSL. MD was defined as the mean of all three eigenvalues, RD as the mean of the second and third eigenvalue 57 , and AD as the principal eigenvalue. Voxelwise group analysis of FA, MD, AD and RD was carried out using tract-based spatial statistics (TBSS) 58 . FA volumes were aligned to the FMRIB58_FA template using nonlinear registration (FNIRT) 59, 60 . Next, mean FA were derived and thinned to create a mean FA skeleton, representing the center of tracts common across subjects. The same procedures were applied for MD, AD and RD. We thresholded and binarized the mean FA skeleton at FA > 0.2 before the resulting data were fed into voxelwise statistics.
To summarize data in a conventional neuroanatomical context we calculated mean DTI values across the skeleton and within regions of interest (ROIs) based on the intersection between the skeleton and the probabilistic JHU white-matter atlases 61, 62 . In particular, for each DTI measure, we derived a set of 24 features, including 20 ROIs, 4 additional features comprising the mean value across skeleton, as well as the genu, splenium and body of the corpus callosum were also performed using Matlab (MathWorks, Inc.) and R 64 . Voxelwise non-parametric analyses were performed using Randomise 65 . Associations between the composite outcome score and FA, RD, MD and AD were tested using general linear models (GLM) while covarying for age, sex and head coil. The data were tested against an empirical null distribution generated across 5000 permutations in order to correct for multiple comparisons across space, and threshold free cluster enhancement (TFCE) 66 was used to avoid manually defining the cluster-forming threshold. Voxel-wise maps were thresholded at p < 0.05, corrected. Average FA, MD, RD and AD within significant clusters were computed and submitted to further analysis to compute the commonly reported effect size Cohen's d as follows:
2 , where t is the t-statistic and df the degrees of freedom of the residuals. We tested the association between the ROI measures and the composite score using GLM, accounting for the effect of age, sex and head coil. We added DTI QC metrics (tSNR or MAXVOX, see above) to test for possible confounding effects of data quality. Correction for multiple comparisons across all ROIs tested was performed following the False Discovery Rate (FDR) procedure 67 .
Demographic and clinical assessment. We assessed key pre-injury, acute and post-injury variables.
Acute clinical data were obtained from medical records and outcomes at the 12-month follow-up.
Pre-injury factors. Information regarding age, sex, education level, anxiety and depression (yes/no), and employment status were obtained from the clinical interview.
Injury-related factors. GCS 68 assesses the conscious state, with total scores between 3 (showing no response) and 15 (alert and well orientated). Duration of PTA was assessed in the emergency department and classified into no amnesia, less than one hour and between one and 24 hours. The presence and duration of LOC were based on medical records and classified into no LOC, < 5 min and > 5 min. Causes of injury were obtained from medical records and classified as traffic accidents, falls, violence or others.
Outcome assessment. The main clinical outcome variable was defined as the subject weights of the primary component from a principal component analysis (PCA) across five items from three frequently used instruments assessing key aspects of recovery and function obtained 12 months post-injury:
GOSE measures global functions including independence, work, social and leisure activities and participation in social life 69 , recommended as the main outcome measure for TBI 70 . It is an 8-point ordinal scale reflecting good recovery ( > 7), moderate (5,6) and severe (3,4) disability, vegetative state (2) and death (1) . The Rivermead PostConcussion Symptoms Questionnaire (RPQ) assesses frequent cognitive, emotional and somatic domains 71 . The sum of the subscores RPQ somatic, RPQ emotional and RPQ cognitive were used. Patient Health Questionnaire 9 (PHQ-9) was used to assess depressive symptoms 72 . Total score of 0-4 indicates no depression, 5-9 mild, 10-14 moderate, 15-19 moderately severe, and 20-27 severe depression, and the total score was used.
We used the factor explaining the highest proportion of variance. This score explained 73% of the total variance in the five scales, which were well represented in this factor (coefficients; RPQ emotional/somatic/cognitive: 0.45/0.45/0.47, GOSE: 0.41, PHQ: 0.46), indicating that all outcome metrics contributed substantially to the composite score. A high composite score reflects poor outcome. Figure 3 shows the distributions of each of the clinical raw scores (panel A), the scree plot from the PCA (panel B), the distribution of the composite score (panel C), and the correlation matrix between each of the clinical variables with colors reflecting the sign and strength of the Pearson correlations (panel D).
